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Abstract: 

The facility location problem is a popular issue in the literature. The current development of world economies and 

globalization of the market requires continuous improvement of methods and research in this field. The location of the 
object determines the time of transport, affects the operational costs of the supply chain, and determines the possible 

amount of inventory or minimum inventory levels. These are critical issues from the point of view of designing an effective 

logistics system. The degree of complexity of current decision-making problems requires the construction of mathematical 
models and support for the decision-maker by optimization and simulation methods. A comprehensive and systemic 

approach to the problem allows the effective planning of supply chains. 

The purpose of this article was to study the sensitivity of the warehouse location problem in the supply chain. The solution 
was obtained based on the methodology developed under the SIMMAG3D project. The article presents the characteristics 

of the issue of the location of warehouse objects, the mathematical formulation of the solved problem of location and the 

method of its solution based on the heuristic algorithm using the modification of the Busacker-Gowen method. Then, a 
supply chain simulation model was developed in the FLEXSIM environment and scenario studies were performed for 

various input data and model parameters. The analysis and assessment of the solution based on parameters such as 
utilization of the potential of warehouse objects object were presented. Random change in demand described by Erlang 

distribution and normal distribution was considered. The analysis showed how the selection of a statistical distribution to 

describe the input data can affect the shape of the logistics system. The article ends with a summary of considerations and 
a plan for further research in the use of the simulation environment to support the decision-making process of the location 

of storage facilities and the functioning of supply chains. 
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1. Introduction 

Designing of the logistics system, regardless of the 

industry, is a complicated task. Incorrect decisions 

in this matter result in the ineffective implementa-

tion of transport and storage processes. Thus it may 

lead to loss of competitiveness on the market and 

also other serious consequences, including the bank-

ruptcy of an enterprise or group of enterprises. 

The form, number of elements, connections, and 

means of transport, or organization should be 

adapted to the needs arising from the specifics of a 

given enterprise or group of enterprises. Currently, 

it is popular to create supply chains and even logistic 

networks cooperating at a high level of integration, 

exchanging sensitive data with each other, and shar-

ing the risk of investment decisions. 

The functioning of the system is primarily depend-

ent on its proper shape in both organizational and 

structural terms. As the structure of the system and 

related investments in new facilities, new production 

plants, or decommissioning of existing ones are ex-

pensive and subject to high risk, proper analysis of 

the effects of such decisions is necessary. Decision 

support in this area is possible by using appropriate 

methodology and optimization or simulation tools. 

This work uses the methodology developed as a re-

sult of the SIMMAG3D project. The project was im-

plemented at the Faculty of Transport of the Warsaw 

University of Technology, and one of its elements 

was the use of mathematical modeling and heuristic 

algorithm to determine the location of storage facil-

ities (Jacyna et al., 2017). 

The purpose of this article is to present the possibil-

ities of using the FLEXSIM simulation environment 

in the study of the location issue in the context of 

assessing the system's sensitivity to changes in noti-

fication stream parameters. In addition, the analysis 

of the results obtained will allow conclusions to be 

drawn regarding the parameterization and selection 

of the supply chain structure, which is justified by 

the provision of flexibility and resistance to disturb-

ances in the logistics system (Szczepański et al., 

2017). 

The research conducted in this article includes: 

─ characteristics of the issues of warehouse facili-

ties location in the logistics system, 

─ developing a simulation model and its parameter-

ization in the FLEXSIM environment, 

─ scenario studies of process implementation in the 

developed distribution system, 

─ analysis of the results obtained in terms of system 

sensitivity to changes in statistical distributions 

describing streams and the service process, 

─ conclusions from the conducted research, recom-

mendations and a plan for further research. 

 

2. Description of warehouse facilities  location 

problem in the logistics system 

The location problem has been presented in the lit-

erature for a long time. It is a widespread decision-

making issue in the context of both business opera-

tions and academic considerations. The primary ob-

ject location model, which is the starting point for 

more advanced and sophisticated problems, is the 

discrete model in which one object is selected from 

a set of potential locations. The selection of this lo-

cation is based on minimizing the total cost, distance 

or time. This problem is often referred to as p-me-

dian, and many works can be found in this aspect, 

e.g. (Daskin, 1995; Drezner and Hamacher, 2004; 

Mirchandani and Francis, 1990; Revelle and Eisel, 

2005). Developments and modifications of this issue 

are made for the real conditions of the location and 

ensuring a better quality solution to the problem. 

The basic model, the simplest to use, has many as-

sumptions that generalize and simplify the issue, and 

thus affect the quality of the solution. Such assump-

tions are usually the location of a single object, and 

planning takes place based on a single period, a ho-

mogeneous assortment, demand, flows, costs are de-

termined. The above models turn out to be insuffi-

cient for practical application, and the solutions ob-

tained from their solution are characterized by high 

susceptibility to change of input parameters. As a re-

sult, many different models are created, including a 

number of assumptions,  depending on the problem 

nature and the needs of the decision-maker.  

In recent years, changes in the markets have resulted 

in the need to rebuild decision models and forms of 

providing transport and storage services. It results 

from the progressing globalization and development 

of some areas, e.g., e-commerce. This is associated 

with shortening the life of products, greater dynam-

ics of changes in demand, and uncertainty. Deter-

mining the effective configuration of the supply 

chain to perform functions that meet current and fu-

ture needs require consideration of many aspects. 

Based on work e.g. Govindan et al. (2017), Ortiz-

Astorquiza et al. (2018), Owen and Daskin, 1998. 

synthesizing location problems, we can distinguish 
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the main assumptions that are adopted in object lo-

cation models.  

The most critical assumptions in planning the loca-

tion of logistics facilities take into account the time 

horizon for which planning is considered, a. strate-

gic, tactical and operational (Bender et al., 2002; Vi-

dal and Goetschalckx, 1997). Depending on the time 

horizon, other assumptions are taken into account: 

change of parameters over time, random needs, and 

location of suppliers, customers. This has an impact 

on the definition of the needs regarding the configu-

ration of the facilities (including, e.g. the capacity of 

the warehouse facility) and thus the operating costs. 

Such decisions can also include the selection of a 

suitable object profile, e.g., taking into account the 

specific requirements of the industry or the location 

in the supply chain (e.g., production warehouse, dis-

tribution warehouse). Shaping the entire supply 

chain requires taking into account the issues of ob-

ject hierarchy and multi-levelness at the same time 

(Farahani et al., 2014; Ortiz-Astorquiza et al., 2018; 

Wasiak et al., 2017). As indicated in the work (Melo 

et al., 2009), modifications to the basic location 

problems were limited, however, by methods of 

solving them. Therefore, despite taking into account, 

e.g. randomness, critical assumptions necessary for 

supply chain management are omitted, including, 

e.g. flow between objects at the same level.  

To sum up, distinguishing between models can be 

reduced to the form of a problem of the location of a 

single object or multiple objects, deterministic/sto-

chastic model, single-layer / multi-layer, single plan-

ning period / longer time horizon, homogeneous / 

heterogeneous assortment. In addition, the model 

takes into account the constraints and additional de-

cision problems that include material flow capabili-

ties, inventory management, production issues, and 

the allocation of resources to tasks. The main criteria 

for conditioning the choice of the solution are based 

on the costs and time of task implementation. In the 

paper Melo et al. (2009) three categories of cost fac-

tors were distinguished, taking into account interna-

tional factors, financial and tax incentives, and in-

vestment expenses. Additional criteria result from 

the preferences of decision-makers and may take 

into account, e.g., the number of transport means or 

employees involved, the allocation of resources to 

tasks, the distance traveled by vehicles or ecological 

criteria (Afshari et al., 2014; Dukkanci et al., 2019; 

Jacyna et al., 2018; Jacyna-Gołda et al., 2018). 

As already mentioned, on the one hand, the con-

struction of models depends on the needs of deci-

sion-makers; on the other hand, the possibility of us-

ing methods allowing the solution of formulated 

tasks. The methods of locating point infrastructure 

in a transport network can be divided into: 

─ approximate and accurate - due to the returned so-

lution, 

─ single and multi-criteria - number of evaluation 

functions, 

─ single and multi-echelon - taking into account the 

hierarchy of points, 

─ static and dynamic - taking into account the time, 

─ descriptive, analytical, analytical-descriptive, ana-

log and numeric. 

To solve object location problems, the method of 

distance minimization or the gravitational method is 

the most common. It takes into account one criterion 

for location selection and works based on heuristic 

methods. There are also its modifications consisting 

of, e.g., taking into account the importance of some 

areas or individual recipients, as well as introducing 

delivery costs. However, this method is limited to 

simple tasks. Another way to pay attention to is the 

descriptive and analytical method involving the 

search for organizational variants for which a reduc-

tion in inventory maintenance costs offsets the sum 

of transport and storage costs (Daskin, 1995; Owen 

and Daskin, 1998). 

The methods classified according to the number of 

criteria are an essential group. Appropriate selection 

of criteria allows characterizing the decision prob-

lem taken unambiguously. The most frequently cho-

sen criterion is the cost of distribution or its imple-

mentation time. These tasks involve solving 

transport or vehicle routing (VRP) tasks. Solving 

such tasks requires the use of appropriate computer 

applications that allow for taking into account a lot 

of restrictions. Multi-criteria location selection 

methods can be divided into multi-criteria analysis 

methods and multi-criteria optimization (Farahani et 

al., 2010; Jacyna-Gołda et al., 2018). Optimization 

methods in a multi-criteria approach rely on the de-

termination of optimal variants in terms of pareto or 

weighted criterion functions as well as the transfer 

of the criterion to constraints. The use of multi-cri-

teria optimization requires from the decision-maker 

a lot of knowledge to correctly define the needs and 

define the space of solutions (Farahani et al., 2010; 

Jacyna-Gołda et al., 2018). 
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A relatively new approach is the methods of ware-

house location based on evolutionary algorithms. 

They allow solving complex tasks, taking into ac-

count, e.g. the passage of time, and thus to include 

the dynamics of processes or their randomness. 

Models mapping dynamics allow the use of sub-

models forecasting service demand. They allow bet-

ter matching of the capacity of individual facilities 

as well as periodic fluctuations in demand and sup-

ply. It is also possible to take into account the varia-

ble duration of individual processes occurring in the 

facilities as well as the travel times in the transport 

network. The above methods have been described in 

detail in the papers (Afshari et al., 2014; Jacyna-

Gołda and Izdebski, 2017). The article addresses a 

single-criterion problem based on the general prob-

lem of multi-level location. Many assortments, as 

well as location characteristics and dimensions of 

the facility, were taken into account. The formula-

tion of the task is presented in the next section. 

 

3. Formalization of the warehouse facilities lo-

cation problem and optimization method 

In the article, the analysis of the solution of the prob-

lem of location taking into account planning for a 

single period is analyzed, many assortments are 

moved, many storage facilities between which flows 

are allowed can be located. This problem is deter-

mined, and its solution allows to indicate the loca-

tion of the object, but also its capacity. The criterion 

function was reduced to the cost of implementing the 

daily flow, although the fixed costs of the facility 

operation were taken into account. This function 

takes the form of an equation (1), and the restrictions 

imposed on the solution were written by equations 

(2-9). 
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The criterion function (1) consists of three compo-

nents. The first concerns the fixed costs of maintain-

ing the facility and it depends on the decision varia-

ble xi defining existence i-th facility in the supply 

chain and fixed costs for i-th location it is csi and a 

cost-correcting function fs(vi), which depends on the 

daily potential of the object, i.e., on the number of 

transportable load units per day. In the simplest case, 

the correction function can have a fixed value, e.g., 

1, and then the fixed cost per pallet unit will not de-

pend on the size of the object and its potential. The 

second component is the cost of: 

− deliveries to the storage facility resulting from the 

number of moved units of j-th assortment (zn,i,j), 

unit movement cost (cn,i,j) expressed as one unit of 

distance (dn,i); 

− deliveries to the recipient resulting from the 

moved number of units of the j-th set (zi,o,j), unit 

movement cost (ci,o,j) expressed as one unit of dis-

tance (di,o); 

− the moved number of units of the j-th assortment 

(zi,i’,j) between storage facilities, unit cost of move-

ment (ci,i’,j) expressed as one unit of distance (di,i’). 

The third component is variable costs resulting from 

the unit cost of the flow of one j-th assortment unit 

through i-th facility (cwi,j) a function correcting this 

cost (analogous to the fixed cost) depending on the 

object's potential fw(vi) and the sum of flows through 

i-th facility. 

Further elements of the model are restrictions im-

posed on the solution space. Equation (2) defines the 

set of values that decision variables can take xi i.e. 
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variables of the interpretation of a storage facility 

existence in i-th location. Equation (3) limits the 

amount of flow through i-th facility, on the one 

hand, it cannot be negative, on the other hand, it can-

not exceed the object's potential in i-th location. For-

mula (4) limits the building's potential on the one 

hand by terrain restrictions qti and on the other hand 

the threshold of profitability qei (i.e. the object can-

not be too small). Formula (5) ensures no negativity 

of decision variables that determine the amount of 

flow in a given relationship. Equations (6) and (7) 

determine the amount of flow, from supplier to 

warehouses and from warehouses to recipients, as 

equal to supply and demand, respectively. In turn, 

equation (8) indicates equal supply and demand. The 

last equation (9) states that if there is a flow through 

i-th facility the decision variable that determines its 

existence must take value 1. 

The restrictions and data introduced to allow to elim-

inate the location of objects with low material flow 

and at the same time, prefer objects with greater po-

tential by minimizing their overall number. Of 

course, there is the possibility of modifying the 

above model by adding periods or adding data on 

demand and supply. It is also possible to introduce 

specialization of warehouse objects depending on 

the accepted assortments, as well as to introduce a 

hierarchy between objects.  

The article is limited to the presented model to show 

the methodology used to test the sensitivity of the 

solution. The heuristic method used applies to more 

extensive optimization models, although it requires 

some modifications then.  

The optimization procedure is based on the Bus-

acker-Gowen algorithm. This method determines 

the maximum flow with the minimum cost. The Bu-

sacker-Gowen algorithm works according to the 

principle: 

1. Find the shortest "empty" path. 

2. Send the maximum flow along the selected path. 

This method will repeat the above two steps looking 

for the next path until the maximum flow is reached. 

The maximum flow is defined as the minimum from 

the sum of the supply of consignors and the sum of 

consumer demand. This procedure is also developed 

in the form of iterative heuristics, i.e., it is iteratively 

checked for various options for shaping the supply 

chain by eliminating inefficient and unacceptable 

solutions. The above-mentioned first stage of the op-

eration of this algorithm can be implemented by any 

algorithm that finds the shortest path; in this case, 

the PDM algorithm was used. More detailed infor-

mation on the Busacker-Goven algorithm and PDM, 

as well as their applications,  can be found, e.g., in 

Sysło et al. (2006). Approximation methods can be 

used to solve the problem of localization, especially 

in the case of complex decision-making issues (e.g. 

an article Jacyna-Gołda et al., 2018; Jacyna-Gołda 

and Izdebski, 2017; Wasiak et al., 2017). Sensitivity 

analysis of these methods using the Flexsim envi-

ronment will be the theme of other research. 

 

4. Simulation analysis of the location solution 

in the supply system 

4.1. Simulation model - assumptions 

Based on the developed model and the data pre-

sented below (demand is taken into account - Table 

1 and production capacity - Table 2, for 4 types of 

assortments), the location of warehouse facilities 

and their estimated capacity were determined. Cal-

culations were carried out on average daily material 

flows. Thus, the optimization did not take into ac-

count random data, but only the need to provide re-

serve space in the facility for a larger inventory. 

The obtained result was implemented in the 

FLEXSIM. This model is presented in Figure 1. It 

has been assumed that the entire delivery plan is to 

take place within 12 hours, while the assortment pro-

duction time cannot exceed 8 hours. The intensity of 

production, as well as shipping to the recipient,  is 

determined. Transportation between warehouses is 

allowed. In turn, direct transport was eliminated, 

which resulted from the assumptions adopted when 

determining the solution to the location problem - 

high transport and storage costs in the case of direct 

transport. 

 

Table 1.  Recipients demand  

Recipient \ assortment 
Demand (load unit per day) 

A1 A2 A3 A4 Total 

Stare Czarnewo 284 725 180 269 1458 
Gromadka 206 336 425 222 1189 

Toruń 150 122 161 322 755 

total 640 1183 766 813 3402 

 

The location of the two warehouses was obtained 

as a solution. The warehouse in Poznań has a ca-

pacity of 800 load units and the warehouse in 

Kędzierzyn with a capacity of 600 load units; it is 

assumed that the minimum time of passage of the 

unit through the object is two hours. 
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Fig. 1. The simulation model based on the solution of location problem 

 

Table 2. Supplier production capacities 

Supplier \ as-

sortment 

Supplier production capaci-
ties (load unit per day) 

supply in-

tensity (s) 
A1 A2 A3 A4 total 

Budzyn 85 133 220 244 682 42 

Jasienica 121 276 32 212 641 45 
Siedlisko 155 62 239 129 585 49 

Zdzieszowi 176 155 269 9 609 47 

Belchatów 0 334 0 0 334 86 
Ciechocinek 103 223 6 219 551 52 

Budzyn 85 133 220 244 682 42 

 

Simulation experiments were carried out for the 

above solution of the location problem and the 

mapped simulation model. Seven variants were 

adopted to assess the sensitivity of the obtained so-

lution. These variants are defined as follows: 

− S1 - variant 1 - base option for the data presented 

above, 

− S2 - variant 2 - flows increased by 10%, 

− S3 - variant 3 - flows increased by 20%, 

− S4 - variant 4 - flows increased by 40%, 

− S5 - variant 5 - flows increased by 60%, 

− S6 - variant 6 - the demand is described by the Er-

lang distribution taking into account shape param-

eters 2, and the scale parameter as 40% of the de-

mand value from the base variant, 

− S7 - variant 7 - a normal distribution describes the 

demand with an average value equal to the value 

in the base variant, and the deviation assumed as 

30% of this value. 

In the variants taking into account random demand 

based on experiments, the necessary level of stock 

in production was estimated (can be interpreted as a 

reserve) to ensure an appropriate level of service. It 

was determined as the sum of the expected value 

and standard deviation.  

 

4.2. Results of simulation experiments 

Simulations were carried out for 7 variants defined. 

Each variant was 30 replications, which was im-

portant primarily for variants 6 and 7 in the form of 

different random samples for the respective distribu-

tions. An example of a graph showing the content of 

load units in a warehouse facility is shown in Fig. 2. 

It presents the average and maximum compactness 
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within 12 hours as well as the filling and emptying 

of the facility over time. The time on the horizontal 

axis is expressed in seconds, and the vertical axis is 

the number of load units. 

This article focuses on assessing the sensitivity of 

the solution. This means an assessment of the feasi-

bility of transport operations (transport potential 

over 12 hours). This is shown in the graphs in Figure 

3, where the chart on the left is the demand satisfied, 

and the graph on the right is the volume of produc-

tion. 

Another feature was the evaluation of the facility's 

capacity utilization. Figure 4 shows the average and 

maximum occupancy values for Poznań and 

Kędzierzyn, respectively. In turn, Figure 5 on the 

graphs shows the average time at which the facility 

is full (does not accept additional units) and the sum 

of time when such an event took place for the ware-

houses in Poznań and Kędzierzyn, respectively.  

 

 
Fig. 2. Stock chart (average, maximum and time functions) 

 

 
Fig. 3. Customer demand met within 12 hours and production volume 

 

 
Fig. 4.  Average and maximum filling of warehouses 

Deliveries volume Production volume 
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Fig. 5.  The average time and the sum of the time the object is fully occupied 

 

This article is limited to examining the above char-

acteristics because they were considered representa-

tive for assessing the elasticity and sensitivity of the 

supply chain to changes in parameters. This allows 

the assessment of the goodness of the returned solu-

tion for the formulated decision problem and the 

method of its solution. 

As the experiments show, deterministic variants 

with an equal production and notification intensity 

allow the delivery plan to be implemented in 12 

hours. This applies to scenarios 1-4, but in scenario 

5 the demand of about 500 units was not met. In turn, 

scenarios 3, 4 and 5 indicate flows that cause full 

utilization of the storage capacity, of course, this 

mainly concerns variant 5, here also the total time in 

which the object is filled is the most, i.e. 1h 40 min. 

Due to the provision of supplies that can meet the 

demand, full use of storage capacity is a common 

occurrence. With the Erlang distribution used for 

one of the replications, it is a total of over 3 hours in 

the warehouse in Kędzierzyn. Normal distribution is 

more stable in this respect. For the conducted re-

search, there was no situation in which customer de-

mand was not met. The stock level was set as the 

sum of expected value and standard deviation. Fur-

ther, might be considered the reduction of inventory 

and testing more distribution samples, especially for 

the Erlang distribution, which has a large spread. 

Variant 6 shows significant fluctuations that can ac-

curately map seasonality to products with a fast turn-

over and short life cycles. This is characteristic not 

only of the example above but should also be taken 

into account when forecasting and determining the 

statistical distribution describing demand. 

Based on the conducted research, it is possible to se-

lect the distribution of probability that describes the 

demand without conducting detailed research and 

only based on knowledge of the industry, frequency 

of product rotation, and seasonality. This will be af-

fected by an error, but it will allow presenting the 

behavior of the system. 

 

5. Conclusions 

Decision support in transport and storage activities 

is an integral part of logistics. Ensuring adequate ef-

ficiency of implemented processes is essential for 

each stakeholder and must be continuously moni-

tored. However, mathematical models and optimiza-

tion methods alone are not enough for policymakers. 

It is necessary to examine how the system will be-

have with implemented decisions when subjected to 

disturbances. It is the sensitivity test that allows an-

swering the "what if" question and determines the 

flexibility of the system. 

Research carried out in the article indicates the pos-

sibility of using the Flexsim environment to assess 

the sensitivity of solving the problem of the ware-

house facility location. The solution obtained based 

on the SIMMAG3D methodology shows high re-

sistance to disturbances, as well as to random 

changes in demand. It should be noted, however, 

that taking storage costs into account by senders 

could increase the storage facility capacity. Re-
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search using a simulation environment allows stud-

ying the level of inventory depending on various as-

sumptions. 

Future research in this area will also concern the de-

veloped methodology and simulation tests. Expan-

sion with a detailed analysis of external transport 

and a longer time horizon is planned, it will also be 

necessary to implement the organization at the entry 

and exit of storage facilities. 
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